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Abstract 
The thermodynamics analysis of the valerate and propionate acetogenesis indicates that this process 
is not favoured at high acetate concentration and high partial pressure of H2. This can be expressed 
by considering two inhibition terms, though ADM1 model just considers an H2-inhibition term. 
Experimental data of the batch anaerobic decomposition of valerate, with different initial 
concentrations of acetate, and the dynamics of its measured products (propionate, acetate and 
methane) can be approximated with ADM1 when an acetate inhibition term affecting valerate and 
propionate uptake is added. When variable stoichiometry is applied for the acetogenesis and 
methanogenesis processes in this system, as function of thermodynamic conditions, numerical 
approximations to the experimental data are improved.  
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INTRODUCTION 
The stoichiometry of biological reactions and the maximum growth rate of microorganisms depend 
on the energy they are able to capture from the corresponding reactions, which depends at the same 
time on the actual components activities, temperature and pressure, evolving over time. By using 
constant stoichiometric coefficients and constant maximum growth rate, empirical models might 
predict endergonic reactions in certain circumstances when thermodynamic limitations are not 
considered. The reaction bioenergetics methodologies for the estimation of coefficients were studied 
early by different authors (McCarty, 1965; McCarty, 1971; Heijnen, 1999) and have been applied 
recently for studying the glucose decomposition pathways shift depending on the process conditions 
(Rodriguez et al., 2006). 
The research group is involved in the study of amino acids consumption pathways, for which the 
proposed ADM1 (Batstone et al., 2002) methodology is not providing reliable results. Batch 
experimental results for different proteins decomposition (Flotats et al., 2013) suggest that the 
stoichiometry of these reactions is highly influenced by the varying thermodynamic conditions. The 
study of the dynamics of the amino acids products (VFAs and H2) using variable stoichiometry and 
thermodynamic control is consider extremely important in order to build highly-contrasted routines 
for their further use in the whole problem study. The study of the valerate dynamics presented here is 
considered the starting step. 
MATERIALS AND METHODS 
The dynamics of four microorganism populations were considered: two acetogenic bacteria 
consuming valerate and propionate and two methanogenic archaea, consuming H2 and acetate. In 
order to contrast numerical results, experimental data from Flotats et al. (2003) was used. These 
experiments consisted on simultaneous batch experiments with equal initial inoculum and valerate 
(10 mM) concentrations and different initial acetate concentration (0, 45, 90 and 170 mM), with 3 
replicates at thermophilic temperature (55ºC).  
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The methodology proposed by Rittmann and McCarty (2001) and McCarty (2007) was adopted 
for the estimation of the stoichiometric coefficients of the consumption reactions of valerate, 
propionate, acetate and H2, and the maximum uptake rate constants (km), as function of the free energy 
change (ΔG), depending on the partial pressure of gases and the activities of reactants and products 
in the liquid phase. Obtained equations were added to the ADM1 model in MATLAB platform, 
including the gas/liquid transfer for CH4, H2 and CO2, the acid-base equilibria and the dynamic 
determination of pH. For the experimental data fitting and parameters estimation, the objective 
function aimed to be minimized was the sum of the reciprocals of the determination coefficients 
(Flotats et al., 2010), for all measured variables (valerate, propionate, acetate and methane) and all 
simultaneous batches, using the Luus and Jaakola (1973) direct search algorithm. Results were 
contrasted with those obtained by fitting the ADM1 model, with and without the addition of an acetate 
inhibition term to the valerate and propionate uptake rate equations. 
RESULTS AND DISCUSSION 
The four considered biological reactions were expressed (Table 1) as function of fs, the electron 
equivalent fraction from the electron donor going to cells synthesis. At every integration step, this 
coefficient was calculated as function of the ΔG values of the donor and the catabolic reactions, which 
depend on the current components activities, varying over time. The fs values coincide with the 
biomass yield, Y, expressed as g CODbiomas/g CODsubstrate.  
Table 1. Variable stoichiometry reactions considered, function of fs values, the electron equivalent fraction 
from the corresponding electron donor going to cells synthesis. 
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Estimations of ΔG for valerate and propionate catabolic reactions indicate that high acetate 
concentrations results on thermodynamically unfavourable reactions, obtaining null Y and km values. 
This situation is not considered by ADM1, which just considers inhibition by high H2 partial pressure. 
This fact explains the biased numerical approximation of ADM1, no matter the parameters 
optimization. Significantly better results were obtained when ADM1 was modified (ADM1m) by 
including a non-competitive reversible acetate inhibition term (see Figures 1 and 2), obtaining 0.043 
and 0.028 kg CODac/m
3 for the inhibition constants of valerate and propionate acetogenesis, 
respectively, for the best global fitting. Identified kinetic parameters for the four microorganism 
populations had the same order of magnitude of those proposed by Batstone et al. (2002), while 
stoichiometric coefficients remained unvaried.  
Slightly better numerical approximations, in terms of higher R2 values, were obtained using 
variable stoichiometry with the same modified ADM1m structure (Figures 1 and 2). The identified 
energy transfer efficiencies were 0.60, 0.61, 0.36 and 0.75 for the uptake of valerate, propionate, 
acetate and H2, respectively, being the H2-consuming archaea value slightly higher than the maximum 
usually found in literature (0.7). The lack of studies about energy transfer efficiencies of anaerobic 
microorganisms do not allow results comparison (McCarty, 2007).  
  
  
Figure 1. Experimental and predicted time-evolution of valerate, propionate, acetate and methane for 45 mM 
initial acetate concentration. Circles: Experimental results; Dashed line: ADM1; Thin line: 
ADM1m; Thick line: ADM1m with variable stoichiometry.  
  
  
Figure 2. Experimental and predicted time-evolution of valerate, propionate, acetate and methane for 90 mM 
initial acetate concentration. Circles: Experimental results; Dashed line: ADM1; Thin line: 
ADM1m; Thick line: ADM1m with variable stoichiometry. 
Similar results were obtained considering the activities of the gaseous components (CH4, H2 and 
CO2) in the gas (bar) or in the liquid phase (kg COD/m
3, or kmol/m3 for CO2), using the appropriate 
coefficients units. Computing problems do appear around values providing ΔG=0, where the uptake 
derivatives hold a discontinuity. The use of Monod kinetics whenever variable stoichiometry is 
implemented helps to avoid sharp-calculus variations. 
As could be appreciated in Figures 1 and 2, the three studied models cannot approximate methane 
productions after day 18. This was explained by the decomposition of organic residuals of the 
inoculum, producing data noise and turning impossible a good fitting on the experiment with initial 
zero-concentration of acetate. Moreover, this data noise makes it difficult to obtain statistically 
significant parameter values, although the obtained ones explain well the order of magnitudes and the 
relative importance of every considered process.     
CONCLUSIONS 
The use of variable stoichiometry and thermodynamic control might allow analysing the 
bioenergetics of reactions and its development rate when they are thermodynamically possible. The 
above valerate case study led to the development of numerical simulation routines that are expected 
to be used on much more complex problem studies.  
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